The characteristic features of the neonatal respiratory distress syndrome (NRDS) are surfactant deficiency and alveolar capillary damage. These changes lead to leakage of fluid into the pulmonary interstitium and alveoli and regional reductions in lung compliance, which result in non-uniformity of lung expansion and intra-regional stresses when the lungs are ventilated. It has been postulated that such stresses occurring during controlled mechanical ventilation (CMV) may play an important role in the aetiology of pulmonary damage and may result in hyaline membrane formation [1] .
SUMMARY

MATERIALS AND METHODS
We studied eight New Zealand White rabbits (weights 1.5-2.5 kg). With the animal in a box, anaesthesia was induced using 4% halothane in 100 % oxygen and Hypnorm 0.2 ml kg" 1 (Janssen: fentanyl 0.3 mg + fluanisone 10 mg in 1 ml) given i.m. after 15 min. A 22-gauge venous cannula was inserted in the left ear and 9-mg doses of pentobarbitone were given whilst tracheotomy was performed. A 4-mm i.d. plastic tracheal tube was inserted via the tracheostomy and secured in place with ligatures to prevent leaks. Pancuronium 1 mg was given i.v. to produce apnoea and anaesthesia was maintained widi an i.v. infusion delivering Hypnorm 50 ul and pancuronium 1 mg in 0.9% saline at a rate of 5 ml h" 1 . The lungs were ventilated initially with a fresh gas flow of 350 ml kg" 1 and an I:E ratio of 1:1 at 25 b.p.m., whilst carotid arterial and right ventricular cannulae were inserted for pressure monitoring and blood sampling. The right ventricular cannula used was a 5-French gauge pulmonary artery catheter, inserted via the internal jugular vein. FI OJ = 1 was maintained throughout the study. The ECG and rectal temperature were monitored in all animals. After samples of arterial and mixed venous blood had been obtained, a pressure-volume (P-V) curve was recorded by injecting aliquots of air into the lungs at 3-s intervals to a total of 20 ml. The sequence of inflation volumes used was 3,5,10,15 and 20 ml in all animals. Lung damage was produced subsequently by lavage with 20-ml kg" 1 aliquots of 0.9% saline, at 37 °C, in a manner similar to that described previously [8] . The saline was syringed directly into the tracheal tube whilst the airway pressure was monitored to ensure that it did not exceed 25 mm Hg. The saline was aspirated and ventilation reinstituted immediately with a PEEP of 2-3 mm Hg. Five minutes later, arterial blood-gas tensions were measured and the lavage repeated until the arterial Po 2 was less than 10 kPa. This was usually achieved by three to six lavages. Ventilation was continued for a further 15 min following the final lavage, when a P-V curve was determined and the inflection point identified.
The animals then underwent ventilation by HFO at a frequency of 15 Hz. The mean airway pressure was maintained at 14-16 mm Hg by the application of PEEP to the expiratory limb of the circuit. The tidal volume was adjusted according to the Pa COj . Sodium bicarbonate 4.2% was given as necessary to correct the base deficit which developed. The animals underwent ventilation inside a whole body plethysmograph to permit hourly measurements of the end-expiratory lung volume (EELV) (the volume in the lungs in excess of functional residual capacity) by opening the breathing circuit to atmosphere and recording the change in pressure within the box. At 1-h intervals, the following sequence of readings was made: arterial blood-gas tensions and arteriovenous oxygen content difference (Ca Oo -Cv o J; EELV; P-V curve. Ventilation was reinstituted at peak inflation of the lungs.
Ventilation was continued in this manner, until 5 h had elapsed, when the animal was killed, or until death if this occurred earlier. The lungs were immediately excised and inflated to 20 cm H 2 O with formol-saline before fixation in this solution. Multiple sections taken from different parts of the specimens were stained with haemotoxylin and eosin for histological examination as described previously [2] . The severity of hyaline membrane formation and intra-alveolar neutrophil infiltration were scored on a scale of 0-4 by one of the authors (M.S.D.), who was unaware of the group from which the specimen was drawn. The scores of the right lungs were compared, as some of the left lungs of the animals treated with HFO were used for measurement of wet: dry ratios for later use.
Instrumentation
High frequency oscillations were produced by a fixed-stroke diaphragm pump driven by a variable speed electric motor ( fig. 1) . A silastic tube of length 1 m and internal diameter 7.5 mm delivered the oscillations to the tracheal tube via a Tpiece. A variable leak from this tube allowed the stroke volume (and thus tidal volume) to be altered. A bias flow of oxygen 10 litre min" 1 was delivered to the tracheal tube via narrow bore oxygen tubing. The expiratory limb consisted of reinforced tubing (i.d. 12.5 mm x 5.7 m long) which acted as a low pass filter. PEEP was provided by a magnetic valve (Instrumentation Industries), situated downstream from a 2-litre glass bottle which acted as a reservoir to reduce valve flutter.
Arterial, right ventricular and airway pressures were measured by Druck transducers connected to a Lectromed Ml9 chart recorder. A Validyne MP45 transducer was used to monitor volume changes in the plethysmograph. Blood-gas tensions were measured by an ABL2 automated analyser (Radiometer, Copenhagen). Arterial and mixed venous oxygen contents were measured using a Lex-O 2 -Con analyser (Lexington Instruments).
The results were compared with those from a group of eight rabbits treated previously in the same way, but with their lungs ventilated by CMV with PEEP set at the level of the measured inflection point pressure [2] . Statistical analysis of the results was performed using the Mann-Whitney U test or Wilcoxon rank sum test for non-parametric data to compare the hyaline membrane and neutrophil infiltration scores and the data from the two groups at each stage of the experiment, and to examine the effects of lavage in each group. A one-way analysis of variance was used to examine changes with time within each group.
RESULTS
There were no significant differences between the mean weights of the two groups of animals, or between their pre-lavage blood-gas tensions, (Ca O2 -Cv Oi ) or airway pressure measurements. The P-V curves (for inflation to 20 ml) showed mean lung compliances of 4.9 (SD 1.0) ml/mm Hg in the CMV group and 5.8(2.1) ml/mm Hg in the HFO group, with no significant differences.
As reported in previous studies [2, 9] the P-V curves showed characteristic changes after saline lung lavage, with the appearance of an inflection point on the inspiratory limb. The mean pressure at the inflection point (P infl ) was 10.5 (1.9) mm Hg in the CMV group and 9.7(1.6) mm Hg in the HFO group. At pressures below this point, lung compliance was low. Above the inflection point, the slope was similar to pre-lavage values in the CMV group, but reduced in the HFO group (prelavage 5.8 (2.1); post-lavage 3.9 (1.1) ml/mm Hg; P = 0.03). There was a significant decrease in Pa Oz as a consequence of lavage (P < 0.001 in both groups) and a significant increase in Pa COz of a comparable degree in both groups (P < 0.005), but no changes in base excess were observed. A similar number of lavages was needed in the two groups of animals to achieve the same reduction in Pa O2 (mean 8.1 (1.1) in the CMV group; 9.1 (1.9) in the HFO group). Stabilization of the animals following lavage on both CMV with PEEP and HFO led to a marked improvement in arterial oxygenation. The Pa Oj values were, however, consistently greater in the HFO animals throughout the course of the experiment (table I, fig. 2) (P < 0.008). Although attempts were made to maintain Pa CO2 within normal limits by adjustment of the fresh gas flow and ventilatory rate, we were unable to prevent hypocapnia in the animals treated with HFO (table I). All the animals developed a progressive increase in base deficit, despite attempts to correct the pH by infusion of bicarbonate (table I) . There was no significant difference between the base deficit in the two groups.
The peak airway pressures remained higher in the CMV group throughout the study (P = 0.001) (table II), the greatest mean peak airway pressure in the CMV group being 26.9 (3.4) mm Hg at 3 h, with a mean value in the HFO group of 15.8 (1.4) mm Hg at this time. Mean airway pressures were maintained the same (15 mm Hg) in both groups. The mean (Ca o? -Cv 02 ) values were similar in both groups throughout the 5-h study period (table I) .
The mean EELV were significantly higher in the HFO animals at all stages except the 5th hour (table III) . The lowest EELV in the HFO group was 39 ml, but the EELV values in the CMV group were much more variable, two of the animals showing EELV equivalent to those of the HFO group throughout.
There was no significant difference between either the hyaline membrane or neutrophil infiltration scores of the two groups of animals (table IV) (P < 0.05). The mean survival times were similar (CMV 262 (58) min; HFO 270 (45) min).
During the 5-h experimental period, the P-V curves in five of the eight HFO animals showed a change from their immediate post-lavage shape, tending to lose their marked inflections ( fig. 3 ). This is reflected in the improvement in the lung compliance below P inll in the HFO animals (table III) which was significantly greater than that of the CMV animals (0.02 < P > 0.005), except at 5 h. Two of the eight animals treated with CMV also showed some overall improvement in lung compliance. DISCUSSION changes in NRDS. The stability of the model and The rabbit lung-lavage model was used in this the similarity of the histological changes to those study as it imitates the deficiency of surfactant seen in NRDS have been demonstrated in prethat is the primary cause of the pathological vious studies [2, 9] . Between two and six lung lavages were needed to produce a reduction in arterial oxygen tension to less than 10 kPa. A marked change in the configuration of the P-V curve was observed in all the animals, manifest by the appearance of a clear inflection point. This was situated between airway pressures of 6.2 and 14.0 mm Hg. Below P inrl , lung compliance was very low, but above it the compliance was similar to pre-lavage values (table  III) . The inflection point pressure is believed to represent that at which collapsed alveoli re-open [3, 10] . We have postulated previously that, if surfactant-depleted animals undergo ventilation with CMV with an end-expiratory pressure less than the P inn value (as in CMV), alternate collapse and re-expansion of alveoli occurs during each ventilatory cycle, establishing intra-regional stresses between adjacent, interdependent areas of varying compliance within the lung. This would be expected to damage pulmonary endothelium and epithelium and thus induce hyaline membrane formation. Previous studies by this group comparing the effects of CMV with values of PEEP less than the P lnf , value and with PEEP equal to P inr \, showed that hyaline membrane formation was more severe in the low PEEP group. Similar results were obtained when mean airway pressures were lower in the low PEEP group [9] or were increased to match those in the high PEEP group [2] . These results suggest that the most important factor in minimizing lung damage is the prevention of the cyclical collapse and re-expansion of low compliance areas of the lungs.
Maintenance of lung volume may prevent direct damage to the pulmonary vasculature by minimizing intra-regional stresses, or it may prevent the activation of polymorphonuclear leucocytes [10] . However, no significant quantitative difference in the degree of neutrophil infiltration was demonstrated between the two groups of animals in this experiment. Alternatively, lung volume maintenance may act by reducing regional lung hypoxia, which has been shown to have important metabolic effects within the lung [11] . Another possibility is that maintenance of lung expansion may increase lung surfactant activity. It has been shown previously that the use of PEEP increases surfactant activity by either stimulating the production, or preventing the destruction, of surfactant [12, 13] . An increase in surfactant metabolism has been found in (normal) rabbits during CMV compared with spontaneous breathin [14] . However, a further study by the same group comparing the effects of HFO at a frequency of 5 Hz and Paw of 5 cm H 2 O with spontaneous breathing revealed that the amount and composition of surfactant phospholipids (both in the lamellar body and in the alveolar lavage) were similar [15] .
In the present study, the mean airway pressure was adjusted to 15 mm Hg to match the values used in the previous study, so that the depression of cardiac output would be similar in the two groups. As shown in table I, there were no significant differences in arterio-venous oxygen content difference. However, a number of measurements in the previous study were excluded because of technical difficulties, so that the value of any statistical comparison is limited. The large arterio-venous oxygen content differences in the HFO group suggest that cardiac output was decreased markedly, and this is confirmed by the large base deficit despite bicarbonate infusion.
As the mean Paw was the same in the two . groups but the amplitude of airway pressure oscillations was less in the HFO group, there was a higher end-expiratory pressure in the HFO group. This, and the probable gas-trapping associated with HFO, resulted in a higher EELV in the HFO group than in the high PEEP group, together with higher Pa o^ values. This suggests that alveolar recruitment continued to occur at airway pressures greater than the inflection point pressure. However, although changes in airway pressure were smaller in the HFO group and peak airway pressures were higher in the CMV group, hyaline membrane formation was not reduced in the HFO group. It is possible that alveolar pressures were greater than airway pressures because of gas trapping during HFO, and that the high pressures resulted in increased lung damage. Intra-regional stresses might also have been generated by variations in regional time constants or by local resonant amplification of the airway pressure variations. Damage might have resulted also from the high accelerations imparted to the gas oscillating up and down the airways during HFO.
In animals subjected to HFO, there was a return towards the normal shape of the P-V curve in five of the eight animals. The inflection point tended to disappear and the initial increment in volume could be injected with a smaller change in pressure. Similar changes were seen in only two of the eight animals in the high PEEP CMV group. The change in shape of the P-V curve suggests that surfactant was being replenished, but that the hyaline membrane formation may have resulted from damage produced in the first 1 or 2 h after lavage.
HFO resulted in a marked improvement in gas exchange compared with high PEEP. This was manifest by significantly greater arterial oxygen tensions throughout the experiment and by enhanced efficiency in removal of carbon dioxide during HFO. Indeed, maintenance of normocapnia proved difficult, becuase of problems in adjustment of tidal volume. We were unable to obtain a leak fine enough to allow small reductions in tidal volume without loss of an adequate PEEP. Others have also demonstrated this increased efficiency of gas exchange during HFO at 15 Hz [1, 16] and high frequency jet ventilation (HFJV) at 4 Hz [17] . Kolton and colleagues [16] used the same rabbit model as was used in these experiments, studying oxygenation during both CMV and HFO in the same animals, with matched mean airway pressures. They found that both Pa Oi and lung volumes were greater with HFO. They suggested that HFO exploits the more favourable deflation limb of the P-V curve, so that constant lung volume is maintained at or near optimal values throughout the ventilatory cycle, resulting in maximal recruitment. They postulated that two other mechanisms may also contribute to improved oxygenation: redistribution of oedema fluid and facilitated diffusion. Using a lower ventilatory frequency of 4 Hz (HFJV) in rabbits, Quan and co-workers [7] also showed improved oxygenation compared with CMV. They suggested that this was a result of increased lung volumes (although they did not measure them). They suggested also that increased airway turbulence might be a factor [7] . Jibelian and coworkers [17] , using a dog lung lavage model, compared gas exchange during CMV, CMV with PEEP, high frequency pulse ventilation (HFPV) at 4 Hz and HFPV with PEEP. Oxygenation was improved by HFPV and it was found that the peak airway pressure, rather than the mean, was the more critical determinant of Pa o^. They ascribed the increase in Pa Oi to a "dynamic PEEP effect" of high frequency ventilation.
However, Truog and colleagues failed to demonstrate any difference in oxygenation at similar mean airway pressures during CMV and HFO, but their CMV animals did develop hypercapnia [6] . The study model was the premature primate. There was also no significant difference in lung volumes and no difference between surface active material concentration with each treatment. The contrast between these findings and those of other experiments, including our own, may result from a difference in either the type of model or the species. Truog suggested that rabbits may have better regional gas distribution because of greater collateral ventilation, that hyaline membrane disease in the primate may have different histological features and that there may be a difference in alveolar surface structure.
